We investigate the electrically triggered metal-insulator transition (E-MIT) in VO 2 thin films at temperatures far below the structural phase transition temperature ($340 K). At 77 K, the maximum current jump observed across the E-MIT is nearly 300Â. The threshold voltage for E-MIT decreases slightly from $2.0 V at 77 K to $1.1 V at 300 K across $200 nm thick films, which scales weakly over the temperature range of 77-300 K with an activation energy of $5 meV. The phase transition properties are found to be stable after over one thousand scans, indicating reproducible measurements. Analysis of the scaling behavior suggests that the observed weak temperature-dependence of the threshold voltages for E-MIT is smaller than that predicted for a purely current induced Joule heating effect and may include contribution from field effect or carrier injection under applied bias. The results are of potential relevance to the field of phase transition oxide electronics and further understanding of the transition mechanisms.
I. INTRODUCTION
Vanadium dioxide (VO 2 ) is of interest in condensed matter sciences [1] [2] [3] [4] due to its sharp resistance change across the metal-insulator transition (MIT) around T C $ 340 K, since Morin's observation of thermally triggered MIT (T-MIT) in 1959. 5 The mechanisms leading to the sharp MIT in VO 2 are still an area of active interest. Whether the Mott transition 6, 7 (due to electron correlations) and=or the Peierls transition [8] [9] [10] (due to the lattice deformation induced electron-phonon interactions) is responsible for the MIT in VO 2 is a matter of interest. Recently, with the observation of room temperature electrically triggered MIT (E-MIT) in VO 2 , [11] [12] [13] there is increasing interest in exploring devices where one may utilize the phase transition as a switch in Mott field-effect transistor (FET) 14 or memory devices. 15 Further, E-MIT itself paves an elegant way to probe the phase transition mechanism in VO 2 . For example, triggering the phase transition by an electric-field induced carrier concentration change may provide insights into the transition mechanism. In a three-terminal FET-like VO 2 device, 12 an insulating layer separates the VO 2 from the electrode. In principle, the heating effect can be minimized in a threeterminal device geometry; however, the insulating quality of the dielectric layer and the interface between the dielectric layer and VO 2 pose non-trivial challenges in applying significant gate voltage without interfering leakage currents. Although Joule heating effects cannot be entirely excluded during electrical triggering, especially in a two-terminal device structure (without a dielectric layer separating electrodes from VO 2 ), pulsed voltage experiments, 16 pressure-dependent electronic transport studies, 17 and simulations 18 suggest that the phase transition in VO 2 , may be triggered in a two-terminal device by field-assisted or current injection-induced carrier concentration changes. We note here that electrical triggering of the phase transition in VO 2 films has been demonstrated in planar junctions and recently in out-of-plane capacitor-type devices as well with similar transport characteristics. These results have been reported primarily at or above room temperature. How the electrically driven phase transition behaves in VO 2 at low temperatures far away from the structural transition temperature ($340 K in bulk crystals) is a rather important question. Studies at low temperatures are also of interest in understanding voltage-driven current jumps in semiconductor materials in general and the role of disorder and electronphonon coupling in such systems. [19] [20] [21] In this paper, we report on electrical triggering of the phase transition at temperatures down to 77 K, and analyses of carrier conduction and scaling of the critical voltage is presented. From analyses of the voltage scaling and current trends as a function of temperature, it is suggested that non-thermal mechanisms rather than only Joule heating effect may contribute to the experimentally observed phase transition.
II. EXPERIMENTS
VO 2 thin films were grown on n þ -Si (2-5 mX cm) substrates using magnetron sputtering. A VO 2 target was used in radio frequency (rf) sputtering mode with a target gun power of 270 W as the source. The gas flows were 97.9 SCCM (SCCM denotes cubic centimeters per minute at standard temperature and pressure) Ar plus 2.1 SCCM O 2 . The growth temperature and pressure are 550 C and 10 mTorr, respectively. The VO 2 film thickness is $200 nm. The VO 2 thin film is polycrystalline and well-textured along (011) direction. A thin SiO x interfacial layer exists between the Si and VO 2 layer that is formed due to oxygen supply during growth. Pd metals were deposited on top of the films with shadow masks using a Sharon e-beam evaporator. The Pd contacts are square shape with sizes of 500 Â 500 lm 2 and 300 Â 300 lm 2 . Prior to the electrode deposition, the sample was cleaned with acetone and isopropyl alcohol. Twoterminal in-plane and out-of-plane current-voltage (I-V) measurements of the VO 2 device were performed between two top Pd contacts, and between the top Pd contact and bottom n þ -Si contact, respectively. For the in-plane measurements, a single I-V scan was performed with voltage sweeping from À0.1 V to 0.1 V at different temperatures to determine the VO 2 resistance. In the out-of-plane measurements, one hundred continuous cycle I-V scans, i.e., with voltage sweeping up from 0 to 3.2 V and then from 3.2 back to 0 V, were measured. The schematics of the in-plane and out-of-plane I-V measurements are illustrated in the insets in Figs. 1(a) and 2(a), respectively. The low temperature controls were achieved in a Lakeshore TTP4 probe station.
III. RESULTS AND DISCUSSION
The temperature-dependence of the normalized resistance [R(T)=R(298 K)] of the VO 2 thin film is shown in Fig. 1(a) . The T-MIT of the VO 2 thin film is seen clearly with nearly three orders of magnitude resistance change from 25 to 100 C. The resistance of the VO 2 thin film at each temperature point is determined by the reciprocal slope of an in-plane linear I-V scan between two top Pd contacts as shown in the inset. Representative in-plane linear I-V curves below phase transition (30, 40, 50 , and 60 C) and above phase transition (70, 80, and 100 C) are shown in Figs. 1(b) and 1(c), respectively. The linear I-V curves also indicate Ohmic contact formation of the Pd metals on top of VO 2 thin films. The red curve shows the results on the as-grown VO 2 thin film, with transition temperatures for heating up and cooling down of T IMT ¼ 65. 8 C and T MIT ¼ 59.0 C determined by the minima of "d lnR=dT", respectively. The green curve shows the temperature dependence of the normalized resistance for the same VO 2 sample after over a thousand electrical cycling measurements. The transition magnitude (i.e., resistance change) is slightly decreased compared to the as-grown sample and the transition temperatures are not significantly shifted, with T IMT ¼ 66. 8 C and T MIT ¼ 59.0 C. Figure 1(d) shows the activation energy (E a ) analyses for both semiconducting and "metallic" phases of the VO 2 thin film sample. The activation energies were obtained from RðTÞ ¼ R 0 expð E a = k B T Þ, which correspond to the slope in the ln½RðTÞ $ ð1= k B T Þ plot. The activation energies for semiconducting and "metallic" phases of the VO 2 sample before cycling I-V measurements are 317 6 5meV and 126 6 7meV, respectively. After over one thousand cycling I-V measurements, the activation energies change slightly, with 289 6 8 meV and 120 6 15 meV for semiconducting phase and "metallic" phase, respectively. The "metallic" is not ideal metallic due to the non-perfect stoichiometry of VO 2 grown on Si. 22 Figure 2(a) shows three representative out-of-plane I-V curves at 100 K, 77 K, and 4 K. At 100 K and 77 K, large step-increases of current are observed in the I-V curve at $1.5 V and $2.0 V, respectively, which is attributed to the resistance change due to E-MIT. 13 Once the temperature is further decreased to 4 K, no E-MIT induced step is observed in this voltage range. The inset in Fig. 2(a) shows the maximum current jump observed across the phase transition of $300 times at 77 K. Figure 2 (b) shows log 10 (I=V) versus ffiffiffi ffi V p plot for the conduction mechanism investigation of VO 2 at three representative temperatures of 100 K, 77 K, and 4 K. In this plot, a linear relationship between log 10 (I=V) and ffiffiffi ffi V p indicates the Poole-Frenkel (P-F) conduction mechanism. At 100 K and 77 K, the P-F mechanism dominates the conduction in VO 2 starting from medium bias (0.8-1.0 V) and until the voltage bias approaches the threshold voltages of E-MIT, which is consistent with previous above-room-temperature studies. show plots of (1=I)dI=dV versus V for voltages scanning up and down, respectively. The peak positions of (1=I)dI=dV are employed to define the transition voltages in Fig. 3 . In a few I-V curves, we have noticed a sequence of smaller steps, while the largest transition is used to define the transition voltage in this paper. The transition voltages for scanning up and down are denoted as V IMT and V MIT in this paper, respectively. Figure 4 (c) shows the number of each V IMT (i.e., the counts of I-V curves in Fig. 3 showing a certain V IMT ). Gaussian fitting was employed to fit the statistical distribution shown in Fig.  4(c) . The fitted Gaussian peak position was defined as the average transition voltage V IMT for the hundred scanning up (red) I-V curves in Fig. 3 . The obtained V IMT is 1.96 6 0.06 V. We next briefly discuss the temperature dependence of threshold voltage variation between 77 K and 300 K as shown in Fig. 5 . At least two mechanisms may contribute to the phase transition in the VO 2 device studied here: 18 One is Joule heating induced T-MIT; the other is E-MIT due to current-injection or electric-field-bias induced carrier concentration change in the VO 2 material. Per Mott's criteria, 2, 23 when the carrier concentration in a material reaches a certain value of n c with n 1=3 c a H % 0:2;
The MIT takes place, where a H is the Bohr radius of the material. At room-temperature, VO 2 is a semiconductor with a bandgap of $0.7 eV, 24 n-type conduction indicated by previous Hall effect 25, 26 and photoemission 27 studies. Although it may be challenging to distinguish the thermal heating effect from the electrical triggering at a single temperature, analyses of the temperature-dependence of the critical voltage (V IMT ) for the phase transition provide additional insights. At temperature T, the amount of heat required to trigger T-MIT is
where C and T C are the heat capacity and transition temperature for T-MIT of VO 2 , respectively. This amount of heat could be supplied by an external applied voltage V over time Dt, with
where r is the conductance of the VO 2 . With the approximation that the thermal-triggering is a transient process that occurs from temperature T to T C , we obtain that the critical voltage V(T) required for enough heating to achieve T-MIT is proportional to
Considering the VO 2 heat capacity ratio between 300 K and 77 K of C(300 K)=C(77 K) $ 7, 28 and T C $ 340 K, 5 we can roughly estimate (this is approximate since we are not accounting for dissipation here) the difference of the critical voltage V(T) required for enough heating to achieve T-MIT between 77 K and 300 K as From earlier studies, 4, 5, 29, 30 the conductance of VO 2 at temperatures far below phase transition is exponentially dependent on the reciprocal temperature as
where k B is the Boltzmann constant and E a is a parameter closely associated with the VO 2 material preparation methods. Approximately, employing the thermal activation energy of E a $ 0.3 eV obtained in Fig. 1(d) for the VO 2 studied in this work, we can estimate the critical voltage V(T) difference between 77 K and 300 K as
Vð77KÞ
Vð300KÞ $ 2 Â 10 7 using Eqs. (5) and (6) . The activation energy E a of VO 2 differs for materials prepared from different methods. As a conservative estimate, we also employed an early literature value 4 of rð300KÞ rð77KÞ $ 2 Â 10 3 for VO 2 single crystals and obtained
Vð300KÞ $ 43. This qualitatively implies that the critical voltage at 77 K is at least an order of magnitude larger than that of 300 K if the MIT is entirely dominated by thermal triggering from Joule heating. The experimentally observed critical voltage difference between 77 K and 300 K is much smaller, only about 2 times. These analyses point to the role of non-thermal voltage-driven transition occurring in the VO 2 layer.
IV. SUMMARY
Electric triggering of the phase transition is studied in VO 2 films on Si from 77 K to 300 K. At 77 K, the maximum current jump observed across the E-MIT is nearly 300 times. The threshold voltage is $1.1 V at 300 K and $2.0 V at 77 K for the $200 nm VO 2 films. The weak temperature dependence of the threshold voltages is likely to indicate the contributions other than Joule heating for triggering the MIT.
